Undoped GaAs/AlGaAs heterostructures have been used to fabricate quantum wires in which the average impurity separation is greater than the device size. We compare the behavior of the Zero-Bias Anomaly against predictions from Kondo and spin polarization models. Both theories display shortcomings, the most dramatic of which are the linear electron-density dependence of the Zero-Bias Anomaly spin-splitting at fixed magnetic field B and the suppression of the Zeeman effect at pinch-off.
Systematically studying the ZBA in modulation-doped 2DEGs has proven difficult because of the large variability of its characteristics from device to device [20, 21] , probably due to the randomly fluctuating background potential caused by the ionized dopants, significant even with the use of large (≥75 nm) spacer layers. This disorder is so pervasive that one can be led to wonder whether the ZBA always results from interactions between conduction electrons and a random localized state near the 1D channel. However, disorder can be dramatically reduced in undoped GaAs/AlGaAs heterostructures where an external electric field (via a voltage V top on a metal top gate) electrostatically induces the 2DEG [22, 23] . Figure  1 (a) shows the advantages of this technique, particularly at low carrier densities (see also Fig. 3 in Ref. [22] ), a regime most relevant for the ZBA. In this Letter, we report on the study of the ZBA in ten quantum wires fabricated in undoped GaAs/AlGaAs heterostructures. We demonstrate that an unsplit ZBA does not result from interactions between conduction electrons and a random localized state near the 1D channel: it is a fundamental property of 1D channels, in disagreement with spin polarization models. Another inconsistency is a suppression of the Zeeman effect at pinch-off. In disagreement with Kondo theory, we observe a non-monotonic increase of the Kondo temperature T K with V gate , and a linear peak-splitting of the ZBA with V gate at a fixed B.
The two wafers primarily used in this study, T622 (T623) with a 317 (117) nm deep 2DEG, were grown by molecular beam epitaxy and consisted of: a 17 nm GaAs cap, 300 (100) nm of Al .33 Ga .67 As/GaAs, 1 µm of GaAs, and a 1 µm superlattice with a 5 nm Al .33 Ga .67 As/5 nm GaAs period. No layer was intentionally doped. For T622, n 2D = (0.275 V top /V − 0.315) × 10 11 cm −2 . Figure 1(a) shows the mobility µ versus the 2D sheet carrier density n 2D for T622; wafer T623 has slightly higher mobilities, e.g. 1.7×10
6 cm 2 /Vs versus 1.6×10 6 cm 2 /Vs at 5×10 10 cm −2 . Using Matthiessen's rule far from the localization regime, the experimental data is fit to standard models of scattering times [24, 25] . The dominant sources of scattering in our system (analyzed in Ref. [23] ) are charged background impurities and interface roughness, from which we extracted the background impurity concentration N B = 1.25 × 10 14 cm −3 . Intersecting the background impurity potential with a 2DEG wavefunction of width λ ≤ 20 nm yields a minimum average distance between scattering centers D = 0.6 µm in wafer T622. A similar number is found for wafer T623.
Ten quantum wires, labeled (i)-(x) throughout this paper (seven from T622 and three from T623), were measured in two dilution refrigerators (with base electron temperature 60 mK and ∼150 mK), using standard lockin techniques and varying T , B, V sd , and n 2D . Following a mesa etch, recessed ohmic contacts (Ni/AuGe/Ni/Ti/Pt) were deposited and annealed [26] . A voltage V gate can be applied to surface Ti/Au split gates of length L = 400 nm with width W = 700 (400) nm on on T622 (T623). Polyimide insulated the inducing Ti/Au top gate from other gates and ohmic contacts.
Although the average distance between impurities is D ≥ 0.6 µm, their distribution is not uniform. In analogy to mean-free-path calculations, the probability P of finding an impurity within a 1D channel of length L is
, an unsplit, symmetric ZBA was observed in all ten devices. Figure 2(a) shows the ZBA in eight of these. It is thus unlikely (of order 10 j=1 P j ≪ 1%) that all such occurrences were the result of interactions between conduction electrons and some localized state near the 1D channel.
Defining G max as the maximum conductance achieved at base T , V sd = 0, and B = 0 for each value of V gate , Fig. 2(b) shows that G max increases monotonically with V gate (as in all our devices). Defining ∆h ZBA as G max minus the average conductance of the local minima on the rhs and lhs of the ZBA, Fig. 2(d) shows that ∆h ZBA decreases as T increases for all V gate , as would be expected from Kondo physics. As T increases, a local minimum near G max ≈ 0.75 G 0 becomes more pronounced. In a previous study on doped quantum wires (see Fig. 6 in Ref. [19] ), similar plots of ∆h ZBA also showed a local minimum near G max ≈ 0.75 G 0 . Figure 2 (c) links its appearance to the formation of the 0.7 structure.
Varying n 2D affects the Fermi energy of electrons entering the 1D channel from the 2D leads, as well as the 1D confinement potential [e.g. increasing V top = 4 V in Fig. 3 (a) to 7 V in Fig. 3(b) , the energy-level spacing between the first two 1D subbands increases from 0.6 to 0.8 meV]. Figure 3(c) shows no clear trend for ∆h ZBA with increasing n 2D , but the minimum near G max ≈ 0.75 G 0 remains present in all curves. In the Kondo formalism [ Fig. 3(d) ], a specific T K is associated with each V gate , and the full width at half maximum (fwhm) of the ZBA should scale linearly either with its T K if T K > T , or with T if T > T K [16, 27] . For G max ≥ 0.9 G 0 in Fig. 3(f) , we do not use the fwhm as it is difficult to distinguish the ZBA unambiguously from the bell-shape traces of G just below a plateau (see Fig. 6 in Ref. [28] ). For G max < 0.7 G 0 at V top = 4 V, the fwhm remain essentially flat: T > T K . For 0.5 G 0 < G max < 0.7 G 0 , increasing n 2D appears to increase T K beyond T ≈ 150 mK. An upper limit of T K < fwhm kB at each V gate can be estimated [17] . In most devices, regardless of whether the 0.7 structure is visible or not, the fwhm has a local minimum near G max ≈ 0.75 G 0 . Identical minima are also observed in doped GaAs quantum wires (see Fig. 3 in Ref. [11] ) and in GaN quantum wires (see Fig. 4 in Ref. [29] ). Near G max ≈ 0.75 G 0 , we interpret the fwhm minimum to indicate a suppression of Kondo interactions, leading to a non-monotonic increase of T K (V gate ) from pinch-off to 2e 2 /h, in direct contradiction to 1D Kondo theory [12] . Kondo theory also predicts that fwhm(T K1 ) will increase more than fwhm(T K2 ) as T increases [i.e. ∆1 > ∆2 in Fig. 3(d) ]. However, in further disagreement with theory, Fig. 3(e) shows the opposite behavior: the fwhms associated with the larger Kondo temperatures increase the most. Figures 4(a)-(c) show how the ZBA spin-splits at low B. At a fixed B, the peak-to-peak separation ∆V p-p increases almost linearly with V gate [Fig. 4(g) ]. In an inplane B, pinch-off voltage can change due to diamagnetic shift [30] , making V gate an unreliable marker. However, G(|V sd | > 0.25 mV) is mostly insensitive to B, while the ZBA changes significantly. Thus, fitting the linear relation ∆V p-p = αB to the red points in Fig. 4(f asymmetric gaussians to Fig. 4(e) ].
At finite B, the ZBA in quantum dots splits into two peaks [16] , whose peak-to-peak separation e∆V p-p = 2g * µ B B is a defining characteristic of the Kondo effect [14] where µ B is the Bohr magneton and g * the effective Landé g factor. Figure 4(d) illustrates three distinct regimes one would expect from the singlet Kondo effect at fixed B and T [31, 32] . In the topmost traces, k B T K > g * µ B B > k B T : spin-splitting cannot be resolved. In the middle traces, g * µ B B > k B T K > k B T : the linewidth of each split peak is narrow enough to make the splitting visible. In the bottom traces, g * µ B B > k B T > k B T K : the split peaks shrink but their splitting should remain constant as long they are still resolvable. However, in our quantum wires, this is clearly not the case. The variation of ∆V p-p = αB with V gate in Fig. 4(b) -(c) cannot be reconciled with singlet Kondo physics.
In quantum dots, the ZBA splitting can vary with V gate for B ≥ 0 (Fig. 4 in Ref. [33] , Fig. 3 in Ref. [34] ) from the competition between the Kondo effect and the Ruderman-Kittel-Kasuya-Yosida (RKKY) interaction between two localized spins [35] . Although two such localised spins are predicted to form in quantum wires near pinch-off [10, 13] and these could explain the behavior observed in Figs In spin-polarization models [5, 6, 7, 8, 9, 10] , the energy difference between spin-up and spin-down electrons ∆E ↑↓ = gµ B B + E ex (n 1D ) includes E ex , an exchangeenhanced spin splitting that could account for previous observations of an enhanced g factor above the value |g| = 0.44 of bulk GaAs [4] . Neglecting correlation effects, the bare exchange energy in 1D scales linearly with n 1D . Assuming n 1D ∝ V gate , the almost linear splitting of the ZBA is consistent with a density-dependent spin polarization. However, this scenario would also require that the minimum value of eα be the bare Zeeman energy gµ B = 25 µ eV/T. This is not what we observe: eα < 16 µ eV/T in Fig. 4(e) . Instead, we find ∆E ↑↓ = g * (n 1D )µ B B, where 0.27 < g * (n 1D ) < 1.5 [ Fig. 4(f) ]. The Zeeman effect can be suppressed (g * ∼ 0.2) if a 2DEG significantly penetrates into the AlGaAs barriers [36] , at high n 2D or if the 2DEG is close to the surface. Neither situation applies to our devices. The suppression of the bare Zeeman effect at pinch-off in our quantum wires is not consistent with spin polarization models.
Despite their exceptional device-to-device reproducibility (compared with doped wires), undoped quantum wires are not free from disorder [ Fig. 5(b) ]. The apparent splitting for G ≥ 0.8 G 0 in some of our devices [ Fig. 5(c) ] is not due to spontaneous spin-splitting or RKKY vs. Kondo interactions, but rather to resonant backscattering or length resonances [37] . By increasing the 2D density (and thus long-range screening), many disorder-related effects can be minimized.
In summary, we provide compelling evidence for the ZBA to be a fundamental property of quantum wires. Its continued presence from G ∼ 2e 2 /h down to G ∼ (2e 2 /h) × 10 −5 suggests it is a different phenomenon to the 0.7 structure, as proposed in [18, 19] . Both 1D Kondo physics and spin polarization models fall short of accurately predicting experimental observations. For 1D Kondo physics models, these are: (i) a non-monotonic increase of T K with V gate , (ii) the fwhm of the ZBA not scaling with max[T, T K ] as T increases, and (iii) a linear peak-splitting of the ZBA with V gate at fixed B. Spin polarization models can account neither for the occurrence of the ZBA nor for the suppression of the bare Zeeman effect at pinch-off. It is hoped that further refinements in theory will account for these observations. 
